Key Interactions in Integrin Ectodomain Responsible for Global Conformational Change Detected by Elastic Network Normal-Mode Analysis by Matsumoto, Atsushi et al.
Key Interactions in Integrin Ectodomain Responsible for Global
Conformational Change Detected by Elastic Network
Normal-Mode Analysis
Atsushi Matsumoto,*
yz Tetsuji Kamata,
§ Junichi Takagi,
{ Kenji Iwasaki,
z{ and Kei Yura*
yz
*Quantum Bioinformatics Team, Center for Computational Science and Engineering, and
yResearch Unit for Quantum Beam Life
Science Initiative, Quantum Beam Science Directorate, Japan Atomic Energy Agency, Kizugawa, Kyoto 619-0215, Japan;
zCREST,
Japan Science and Technology Agency, Kizugawa, Kyoto 619-0215, Japan;
§Department of Anatomy, Keio University School of
Medicine, Shinjuku, Tokyo 160-8582, Japan; and
{Institute for Protein Research, Laboratory of Protein Synthesis and Expression,
Osaka University, Suita, Osaka 565-0871, Japan
ABSTRACT Integrin, a membrane protein with a huge extracellular domain, participates in cell-cell and cell-extracellular-matrix
interactions for metazoan. A group of integrins is known to perform a large-scale structural change when the protein is activated,
but the activation mechanism and generality of the conformational change remain to be elucidated. We performed normal-mode
analysis of the elastic network model on integrin aVb3 ectodomain in the bent form and identiﬁed key residues that inﬂuenced
molecular motions. Iterative normal-mode calculations demonstrated that the speciﬁc nonbonded interactions involving the key
residues work as a snap to keep integrin in the bent form. The importance of the key residues for the conformational change was
furtherveriﬁedbymutationexperiments,inwhichintegrinaIIbb3wasused.Theconservationpatternofaminoacidresiduesamong
the integrin family showed that the characteristic patternof residues seen aroundthese keyresidues isfound in the limited groups
ofintegrinb-chains.Thisconservationpatternsuggeststhatthemolecularmechanismoftheconformationalchangerelyingonthe
interactions found in integrin aVb3 is unique to the limited types of integrins.
INTRODUCTION
Integrinsareoneofthemetazoanproteinfamiliesofadhesion
receptors that mediate cell-cell and cell-extracellular-matrix
interactions(1).Inadditiontothisfunction,integrinstransmit
signalsbidirectionallyacrosstheplasmamembrane.Through
these functions, integrins play key roles in diverse biological
processes including cell migration, development, immune
responses, and vascular hemostasis. They are therefore the
target of effective therapeutic drugs against thrombosis and
inﬂammation (1).
Integrin is a heterodimer transmembrane protein complex
made of a- and b-chains. In mammals, 18 homologous
a-chains and eight homologous b-chains are known so far,
and different combinations of a- and b-chains have been
identiﬁed. Integrins are not constitutively active as receptors.
Oncell surfaces, integrins areusuallyina stateoflow afﬁnity
to their ligands (inactive state). By signals from inside the
cell, integrins are supposed to be activated and function as
receptors (inside-out signaling) (2).
Solution of the crystal structure of the ectodomain of in-
tegrin,aVb3,wasamajoradvanceinthestudyofintegrin(3).
The crystal structure revealed that the head region was ex-
tremely bent over the two nearly parallel tails. Electron mi-
croscopy had shown that the integrin had an extended form
(4–6), but later, the bent conformation of integrin was also
observed. It was then shown that the bent conformation
corresponded to the inactive state and the extended confor-
mation to the active state, where integrin has high afﬁnity to
its ligand (7). The relationship between two conformations
and two functional states is now well demonstrated. How-
ever, the transition mechanism between the two conforma-
tions is not yet understood.
Here, we studied the conformational changes of integrin
ectodomain using normal-mode analysis (NMA) of the
elastic network model of the protein. The application of
conventional NMA to biomolecules, which employs realistic
energy functionin contrast to theNMAoftheelastic network
model, started more than 20 years ago (8–10). Since then,
many biomolecules have been studied using NMA. This
approach is widely used and has proved very effective for
elucidating conformational ﬂuctuations and changes related
to biological functions. NMA of the elastic network model of
a protein, which is directly related to this work, was ﬁrst
developed by Tirion (11), and the calculated normal modes
were shown to faithfully reproduce the B-factors obtained
from x-ray crystal structure analysis (12). It requires much
fewer computational resources compared to the conventional
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structures such as ribosomes and virus capsids (13–17) are
possible. Here we applied the NMA of the elastic network
model to the ectodomain of integrin aVb3 in the bent form
(inactive state). The analysis enabled us to identify the key
residues that work as a switch for conformational changes of
the integrin ectodomain. Iterative normal-mode calculations
demonstrated that the key residues work as a snap to keep the
structureinthebentform.Theimportanceoftheresidueswas
further veriﬁed experimentally.
MATERIALS AND METHODS
Naming scheme for extracellular domains of
integrin aVb3
In this article, we follow the widely used naming scheme for the ectodomain
of integrin aVb3 (see Xiong et al. (3), for example). The a-chain consists of
b-propeller (residues 1–438), thigh (439–592), calf-1 (602–738), and calf-2
(739–956) domains. The b-chain consistsof PSI (1–54), hybrid (55–108and
353–432), bA(109–352),EGF-1and-2(453–529),EGF-3(532–562),EGF-4
(563–605), and bTD (606–690) domains. The PSI and EGF-1 and -2 domains
are missing in the x-ray crystal structure to which we applied NMAs.
Elastic network model
In the usual treatment of an elastic network model (12,18), each residue in a
protein is represented by the Ca atom. If the distance between two Ca atoms
is less than the arbitrary chosen cutoff length, Rc (8–12 A ˚ ), the two residues
are considered to be neighbors and the two Ca atoms are connected by a
spring whose equilibrium length is the same as the distance in the initial
conformation. Thus, the distance between the two Ca atoms is considered to
be the distancebetween the two residues.The same spring constant C is used
for all springs in the network model.
In this study, we deﬁned the distance between two residues in a different
way for the reason explained in the Results and Discussion section. We ﬁrst
considered all atoms except for hydrogens, and calculated the distances
between all pairs of atoms. The shortest distance between atoms in two
differentresidueswasdeﬁnedasthedistancebetweenthetworesidues,andif
itwaslessthanthearbitrarychosencutofflength,rc(3–5A ˚ ),thetworesidues
were considered to be neighbors. Once the neighbors were identiﬁed, each
residue was represented by the Ca atom, and the Ca atoms in the neighbor
residues were connected by springs with an arbitrarily chosen spring con-
stant, C. The adjacent Ca atoms along the amino acid chain were automat-
ically connected by this approach. We further introduced springs along the
amino acid chain between Ca atoms in nth and (n 1 2)th residues and be-
tween those in nth and (n 1 3)th residues. The former spring restrained the
ﬂuctuations of the virtual bond angle formed by Ca atoms in nth, (n 1 1)th
and(n12)thresidues,andthelatterspringthoseofthevirtualdihedralangle
formed by Ca atoms in nth, (n 1 1)th, (n 1 2)th and (n 1 3)th residues.
Normal-mode analysis of the elastic
network model
The basic formulation of the NMA of the elastic network model is the same
as that for the NMA performed with different coordinate systems and force
ﬁelds (19–27);
Theconformationalpotentialenergyof the systemis approximatedby the
multidimensional parabola,
V ¼
1
2
+
ij
fijDqiDqj; (1)
whereDqi istheinstantaneousﬂuctuationof theithgeneralizedcoordinateqi
from its equilibrium value and fij is an element of a Hessian matrix, F. The
approximation is valid in the vicinity of minimum energy points.
The kinetic energy K is similarly expressed in quadratic form in terms of
_ qi; the ﬁrst derivative of qi with respect to time, and coefﬁcient hij; which is
an element of the ‘‘mass’’ matrix, H:
K ¼
1
2
+
ij
hijD_ qiD_ qj; (2)
If the Dqi and D¨ qi are collected in the vectors Dq and D¨ q; respectively,
Lagrange’s equation of motion is simpliﬁed to
HD¨ q1FDq ¼ 0; (3)
with a solution of the form
Dqi ¼ +
N
n¼1
Ainancosðvnt1dnÞ; (4)
where N is the number of freedom in the system. The constant an and phase
angle dn are determined from the initial conditions. The coefﬁcient Ain is an
element of a matrix A which simultaneously diagonalizes H and F; that is,
ATHA ¼ I and ATFA ¼ L; where AT denotes the transpositionof A; I is an
identity matrix, and L is a diagonal matrix with elements Lnn ¼ v2
n:
In this study, the conformational potential energy of the elastic network
model is expressed in the following form, as was done by Tirion (11):
V ¼
1
2
+
ða;bÞ
Cðjrabj j r
0
abjÞ
2; (5)
where C is the spring constant, rabð¼ rb   raÞ is the vector pointing from
atom a to atom b; and the superscript zero indicates the initial conformation.
Thus, the initial conformation has the minimum energy so that the energy
minimization process is not necessary. In our treatment, each residue is
represented by a Ca atom, and ra and rb are regarded as the positions of
residues a and b; respectively. The summation is taken over all pairs of the
neighboring residues.
If Eq. 5 is expanded about Drabð¼ rab   r0
abÞ and terms higher than
second order are ignored, it is simpliﬁed to
V ¼
1
2
+
ða;bÞ
C
r
0
ab   Drab
jr
0
abj
   2
; (6)
from which the Hessian matrix, F, is easily derived. We report the normal-
izednormal-modefrequenciesintheResultsandDiscussionsection,because
the normal-mode frequencies, which are obtained by diagonalizing the
matrix F, are proportional to the square root of the arbitrarily chosen spring
constant, C. Our system is described by the Cartesian coordinate, and thus
the mass matrix H is a diagonal matrix with the ð3n   2Þth, ð3n   1Þth, and
3nth diagonal elements equal to the total mass of the nth residue.
Comparison of thermal atomic ﬂuctuations
To see how well the calculated values agreed with experimental values, the
correlation coefﬁcient was calculated using the equation
cc ¼
+
n
i¼1
ðxi   xÞðyi   yÞ
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
+
n
i¼1
ðxi   xÞ
2
s ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
+
n
i¼1
ðyi   yÞ
2
s ; (7)
where x is the average of xi. In this study, the correlation coefﬁcient between
the thermal atomic ﬂuctuations derived from the NMA and those derived
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thermal atomic ﬂuctuations are given as a sum of contributions from all
normal modes except for the six zero-frequency normal modes correspond-
ing to the rigid body motions as a whole. The thermal atomic ﬂuctuations of
the crystal structure are proportional to the square root of the B-factors.
Similarity of two normal modes
We studied the effect of interactions between neighboring residues on the
molecular motions to detect the key residues for the conformational changes
of integrin. For this purpose, we compared low-frequency normal modes
calculated for a model with full interactions to those for a model without
speciﬁc interactions. The comparison of the two normal modes was made in
terms of similarity, deﬁned as
Cs ¼
       +
k
u
i
k   v
j
k
       ; (8)
where ui
k and v
j
k are displacement vectors of the k th atom in the i th and j th
normal modes, respectively, for the two elastic network models. Here,
displacement vectors were normalized as
+
k
u
i
k   u
i
k ¼ +
k
v
j
k   v
j
k ¼ 1: (9)
If the value is close to 1, the two normal modes are similar to each other. If it
is close to zero, they are dissimilar.
Iterative normal-mode calculations
For the conventional NMA, a time-consuming energy minimization process
is necessary beforethe NMA.Forthe NMAof the elastic networkmodel,the
energy minimization process is not necessary, and the NMA can be applied
to any given conformation (28). If atoms in a protein are moved by a small
amount from the initial positions along the displacement vectors in a normal
mode, a slightly different new structure is generated. If the NMA of the
elastic network model is applied to this new structure, another new structure
can be obtained. By repeating this process, a series of structures is generated.
This approach is often used for building atomic models based on electron
microscopy density maps (29–31). Here, we call this series of calculations
‘‘iterative normal-mode calculation’’ and use this approach for forcing the
conformational change of integrin from the bent to the extended forms and
studying the role of the speciﬁc interactions in the conformational change.
The x-ray crystal structure of integrin (Protein Data Bank ID 1jv2 (3))
was used as the initial structure (the 0 th structure). After the nth NMA for
the ðn   1Þth structure, many structures were generated by deforming the
ðn   1Þth structure along each of the three lowest-frequency normal modes,
and the structure with the largest distance between the head region and
C-terminal end was chosen as the nth structure. The distance was measured
between two Ca atoms in the residues Lys
82 and Glu
765 of the a-chain. The
deformation was restricted so that the root mean-square displacement (rmsd)
of the n th structure from the ðn   1Þth is ,0.1 A ˚ . The iterative calculation
was terminated when the increment of distance between the head and
C-terminal end of a new conformation (nth conformation) and that of the
previous conformation was ,0.1 A ˚ .
Each time a new structure made of Ca atoms was generated by the ap-
proach described above, the coordinates of other atoms, which were neces-
sary for updating the network formation, were determined by rigid-body
treatment and a least-square ﬁtting procedure (32) as follows. A structure
made of a Ca atom in each residue (kth residue) and a few Ca atoms in the
nearby residues along the amino acid chain in the x-ray crystal structure was
treated as a rigid body and was ﬁtted into the corresponding structure in the
newly generated structure by rotational and translational manipulation in
theleast-squareﬁttingprocedure.Thesamemanipulationwasthenappliedto
the other atoms in the kth residue of the x-ray crystal structure to get the posi-
tions of these atoms in the new structure. This process was repeated for all
residues and the coordinates of all atoms in the new structure were obtained.
The purpose of the iterative normal-mode calculation in this study was to
clarify the role of speciﬁc interactions in the conformational change from the
bent to the extended form, in other words, to check whether the speciﬁc
interactions obstructed the conformational change or not. For this purpose,
two different iterative calculations were necessary. In one calculation, the
speciﬁc interactions were kept, and in the other, they were not. However, the
connectivity for the speciﬁc interactions could have changed during the it-
erative normal-mode calculation, because the network formation was to be
updated each time a new structure was generated. To avoid this, we did not
update the connectivity for the speciﬁc interactions during the iteration.
Multiple sequence alignment and conservation
pattern of the residues
Homologous amino acid sequences to integrin from Homo sapiens aVb3
were searched for out of all the amino acid sequences in UniProt (33) and all
the translated amino acid sequences in DDBJ (34) by BLAST (35) with
default parameters. Sequences derived from pseudogenes and partial se-
quences were eliminated. Identical sequences in the obtained set of se-
quences were grouped and only one of the sequences in each group was kept
for building multiple sequence alignment. The multiple sequence align-
ment was built based on the progressive alignment method (36) using the
BLOSUM62matrix(37).Alignmentatregionswithextremelylowsequence
identity was manually adjusted based on the heuristic knowledge that cys-
teine residues should be well conserved and aligned among homologous
extracellular domains. Sequences were grouped into clusters based on a
phylogenetic tree built by the neighbor-joining method (38), with evolu-
tionary distances calculated by the method of Kimura (39). The threshold for
grouping the integrin sequences was set to be consistent with the annotation
of sequences based on a previous study (1). Conservation of amino acid
residues at positions of concern in each group was manually identiﬁed.
Mutation experiment to verify the
activation mechanism
We experimentally veriﬁed the activation mechanism of integrin predicted
by the NMA. We used integrin aIIbb3 instead of aVb3 for mutation exper-
iments. Although the former is exclusively expressed on platelets and
megakaryocytes different from the latter, and is known to use a different
mechanism of signaling at the cytoplasmic domain of the a-chain (40), it has
a common b3-chain and binds to common ligands such as ﬁbrinogen, ﬁ-
bronectin, and vitronectin in an RGD-dependent fashion. In addition to these
structural and functional similarities, it has been well established that aIIbb3
increases its afﬁnity for ﬁbrinogen by undergoing structural rearrangement
upon inside-out signaling (41). Thus, we took advantage of the aIIbb3-ﬁ-
brinogen interactions to examine the effect of the mutations.
Normal mouse IgG was purchased from Sigma-Aldrich (St. Louis, MO).
Anti-aIIb monoclonal antibody (mAb) PL98DF6 (42) was a generous gift
from Drs. J. Yla ¨nne (University of Oulu, Oulu, Finland) and I. Virtanen
(University of Helsinki, Helsinki, Finland). Anti-aIIbb3-complex-speciﬁc
activating mAb PT25-2 has previously been characterized (43). RPE-con-
jugated goat antimouse polyclonal antibody was purchased from Biosource
(Camarillo,CA).ThesyntheticpeptideGly-Arg-Gly-Asp-Ser(GRGDS)was
purchased from Peptide Research Institute (Osaka, Japan). Fluorescein-iso-
thiocyanate (FITC) was purchased from Sigma-Aldrich. Human ﬁbrinogen
(Fbg) was purchased from Experimental Cell Research (South Bend, IN).
The full-length cDNAs for integrin aIIb and b3 subunits, generous gifts
from Dr. Joseph C. Loftus (Mayo Clinic, Scottsdale, AZ), were cloned into
the mammalianexpressionvector pBJ-1, kindlyprovidedby Dr. MarkDavis
(University of California, San Francisco, CA). The cDNAs for b3 mutant
L375A, L389A, R404A, R633A, R633del, R404A/R633A, R404A/
R633del, and R404A/S674A were created by site-directed mutagenesis us-
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Chinese hamster ovary (CHO-K1) cells were cultured in Dulbecco’s
modiﬁed Eagle’s medium (Invitrogen, Carlsbad, CA) supplemented with
10% fetal calf serum (Hyclone, Logan, UT), 1% penicillin and streptomycin
(Invitrogen), and 1% nonessential amino acids (Sigma-Aldrich), and main-
tained at 37C in a humidiﬁed incubator supplemented with 5% CO2: Fifty
micrograms of aIIb cDNA construct was cotransfected with 50 mgo fb3
cDNAconstructintoCHO-K1cellsbyelectroporation.After48h,cellswere
detached and used for assays.
FITC-labeling of human Fbg is described in detail elsewhere (44). In
brief, after adjusting the pH of human Fbg at 1 mg/ml in phosphate-buffered
saline to 8.5 with 5% Na2CO3, 1/100 volume of 10 mg/ml FITC in di-
methylsulfoxide was added and incubated at room temperature for 10 min.
FITC-labeled Fbg was separated from free FITC on a PD-10 column
(Amersham Biosciences, Uppsala, Sweden) equilibrated with HEPES-
buffered saline (10 mM Hepes, 150 mM NaCl, pH 7.4). The concentration
and F/P ratio of FITC-labeled Fbg were calculated as previously described
(44). Forty-eight hours after transfection, cells were detached with phos-
phate-buffered saline containing 3.5 mM EDTA and incubated with non-
functional anti-aIIb mAb PL98DF6 followed by an RPE-conjugated F(ab9)2
fragment of goat anti-mouse IgG. After washing, cells were incubated with
FITC-labeled Fbg at 350 mg/ml with or without 1 mM GRGDS peptide in
modiﬁed HEPES-Tyrode buffer (5 mM Hepes, 5 mM glucose, 0.2 mg/ml
bovine serum albumin, and 13 Tyrode’s solution) containing 1 mM CaCl2
and 1 mM MgCl2 for 2 h at 4C. In some experiments, mAb PT25-2 was
included at 10 mg/ml to activate aIIbb3. After washing, ﬂuorescence was
measured on FACS Calibur. The median Fbg binding (FL1) to cell popu-
lations expressing high aIIb (FL2 . 500) was calculated. Background bind-
ing in the presence of 1 mM GRGDS peptide was subtracted to obtain
speciﬁc binding. Normalized Fbg binding was calculated by dividing the
speciﬁcbindingbythemeanaIIbb3expression(FL2)ofthegatedpopulation.
RESULTS AND DISCUSSION
Elastic network model of integrin aVb3
The ﬁrst step of the calculation is the formation of the elastic
networkmodelbasedonthex-raycrystal structureofintegrin
with a speciﬁc cutoff length. Motions of residues in this
model depend on the number of neighboring residues. Res-
idues with a small number of neighbors can move with less
restraint compared to those with many neighbors. The number
of the springs in molecules, which connect the Ca atoms in
neighboring residues, depends on the cutoff length. Thus, the
cutoff length is the most important parameter determining
molecular motions.
As described in Materials and Methods, our deﬁnition of
the distance between two residues is different from that in the
conventional approach. Fig. 1 demonstrates the difference
between the two approaches with a speciﬁc example. Two
residuepairsinintegrin,Gly
172andSer
225inthea-chain,and
Tyr
274 in the a-chain and Leu
258 in the b-chain, are shown in
Fig. 1 a and b, respectively. The distances between the two
Caatoms(black)are7.5A ˚ inbothcases, whereas theshortest
interatomic distances between the two residues in Fig. 1, a
and b, are 7.0 and 3.3 A ˚ , respectively. In the conventional
approach, the two Ca atoms are connected by springs in both
cases (assuming Rc . 7.5), whereas in our approach the Ca
atoms in the former case are not connected and those in the
lattercaseareconnected(assuming3.3,rc,7.0).Thus,the
network formation is more sensitive to the local conforma-
tion in our approach.
A relatively large number of the pairs of residues are
similar to the case shown in Fig. 1 a, that is, pairs of residues
that have short Ca distances but long interatomic distances.
For example, there are 774 pairs of residues in integrin in
which the distances between the Ca atoms are between 7.5
and 8 A ˚ , and these are usually regarded as neighboring res-
idues according to the conventional approach. For 197 of
these pairs of residues (25%), the shortest interatomic dis-
tances are .6A ˚ , and for 412 pairs (53%), the distances are
.5A ˚ , which means that according to our approach, a fairly
large number of the pairs of residues are not regarded as
neighboring residues.
Inthisarticle,westudiedtheglobalconformationalchange
of integrin from the bent to the extended conformation. Be-
fore we used our modiﬁed approach, we had used the con-
ventional approach to build the elastic network model of the
x-ray crystal structure of integrin with normal cutoff length
(Rc ¼ 8A ˚ ) and had studied the molecular motions. However,
we had not observed the motions that could direct the bent
conformation of integrin to the extended one in the lowest-
frequency normal modes. Some springs between residues
must have hindered such motions. Thus, these springs should
have been eliminated to promote the conformational change.
We therefore tried to remove such springs from the elastic
network model. However, it was not easy to ﬁnd all such
springs by eliminating springs one by one and checking the
effect by NMA, because multiple springs could have been
involved in the hindrance. Instead, we decreased the cutoff
length so that springs representing interactions with longer
distances would be eliminated, assuming that these interac-
tions would be weaker and less important for the conforma-
tional change. To make this assumption more valid, we
deﬁned the distance between two residues as the shortest
FIGURE 1 Two pairs of residues, Gly
172 and Ser
225 in the a-chain (a),
and Tyr
274 in the a-chain and Leu
258 in the b-chain (b) in the x-ray crystal
structure of integrin demonstrate the difference between the two approaches
used to generate an elastic network model. The Ca atoms are colored in
black, other atoms in gray. The backbone is represented by a white tube. In
the conventional approach, the two residues in both cases are connected by a
spring when the cutoff length, Rc,i s.7.5 A ˚ . In our approach, the residues in
b are connected, whereas those in a are not, when the cutoff length, rc,
satisﬁes 3.3 , rc , 7.0.
2898 Matsumoto et al.
Biophysical Journal 95(6) 2895–2908interatomic distance, as described above. We will discuss the
effect of the different deﬁnition later.
Dependence of molecular motions on cutoff
length, rc
NMAs were carried out for the elastic network models with
various cutoff lengths, and the correlation coefﬁcients were
calculated based on Eq. 7. In Fig. 2, the calculated coefﬁ-
cients are plotted against the cutoff length as open circles
connected by a solid line. The coefﬁcients for cutoff lengths
.;3.6 A ˚ were roughly constant. However, at around rc ¼
3.2–3.3 A ˚ , the coefﬁcients dropped abruptly. This cutoff
length is roughly equivalent to the hydrogen bond distance,
suggesting that the springs representing hydrogen bonds
were on the verge of elimination in this range of cutoff
lengths. A large correlation coefﬁcient suggests that the
molecular motions derived from the calculation are similar to
those in the crystal structure, whereas a small coefﬁcient
suggests molecular motions that are different. We checked
that the small coefﬁcients did not stem from extremely large
thermal atomic ﬂuctuations, which are often observed for
atoms with a small number of neighbors (data not shown).
The changeofthemolecular motionsreﬂectsthechange of
the energy landscape of the molecule, that is, the energy re-
quired for the conformational change from the x-ray crystal
structure (bent structure) to the other conformations is al-
tered. Thus, the conformational change to the extended one
may become easier.
To identify the interactions that contributed to the sudden
change of the coefﬁcient, we eliminated the springs one by
one by reducing the cutoff length starting from 3.3 A ˚ , and
NMA was performed. There were 231 springs that were to be
eliminated when the cutoff length was reduced from 3.3 to
3.2 A ˚ . We found the maximum drop in the coefﬁcient when
the spring connecting Ca atoms in Leu
389 and Arg
633 in the
b-chain was eliminated, suggesting that the interaction rep-
resented by this spring has a large inﬂuence on the molecular
motions.
The maximum drop in the coefﬁcient observed when the
interaction between Leu
389 and Arg
633 was eliminated does
not mean that the drastic change in molecular motions would
be caused by the elimination of the interaction at any cutoff
length. If the longer cutoff length were assumed, other in-
teractions would have had to be eliminated at the same time
for the drastic change of the coefﬁcient to occur. Thus, this
result only suggests that the interaction between Leu
389 and
Arg
633 was the one with the shortest distance that contributed
to keeping the molecular motions as in the x-ray crystal
structure. Indeed, the effect of eliminating the interaction
between Leu
389 and Arg
633 independent of the cutoff length
was limited, as shown in Fig. 2, where the correlation coef-
ﬁcients for the network models without the interaction be-
tweenLeu
389andArg
633,irrespectiveofthecutofflength,are
plottedby‘‘X’’symbolsconnectedbyadash-dottedline.We
found that the effect was enhanced if the interactions of
Arg
633 with other nearby residues were simultaneously
eliminated. In Fig. 2, the correlation coefﬁcients are plotted
by asterisks connected by a dashed line for the network
models in which the Ca atom of Arg
633 was not connected
to the Ca atoms in the nearby nonbonded residues (including
Leu
389) by springs. In the latter network models, the correla-
tion coefﬁcients were further deviated from those for the
original models with full interactions (open circles)i nt h e
wider range of cutoff lengths. This suggests that the interac-
tions of Arg
633 with nearby residues have an inﬂuence on the
molecular motions.
Change of lowest-frequency normal modes
of integrin
The above analysis showed that the correlation coefﬁcients
dropped when the interactions of Arg
633 were eliminated.
However, it did not tell whether the drop was related to the
biologically important conformational change of integrin,
that is, the conformational change from the bent to the ex-
tended form. In this and the following subsections, we reveal
what changed when the correlation coefﬁcient dropped.
The change of the correlation coefﬁcient is due to the
change of the normal modes. To see what changed in the
normal modes when the correlation coefﬁcient dropped, we
compared the lowest-frequency normal modes, which inﬂu-
ence theglobal molecular motions, of thetwoelasticnetwork
models with different correlation coefﬁcients.
The comparison was made for the two network models
with and without the springs connecting the Ca atom of
Arg
633 to those in the nonbonded neighboring residues at the
cutoff length of 3.4 A ˚ (we call the former model A and the
latter model B). At this cutoff length, the molecular motions
of model A were similar to those in the x-ray crystal structure
(Fig. 2, open circles), and by removing the springs of Arg
633,
FIGURE 2 Correlation coefﬁcient of the thermal atomic ﬂuctuations de-
rivedfromNMAandx-ray crystal structural data (B-factor) plotted against the
cutoff length. Open circles connected by solid line: unmodiﬁed model. ‘‘X’’
symbols connected by dash-dotted line: model without interaction between
Arg
633 and Leu
389. Asterisks connected by dashed line: model without inter-
actions between Arg
633 and nearby nonbonded residues.
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(asterisks), indicating that the springs were working as a
switch for molecular motions.
A comparison of the ﬁve lowest-frequency normal modes
for models A and B is shown in Table 1. It is clear that the
second-,fourth-,andﬁfth-lowest-frequencynormalmodesof
model B were similar to the ﬁrst, second, and third modes of
model A, respectively. The normal-mode frequencies were
relatively close to each other. However, the ﬁrst and the third
modes of model B were not so similar to any of the ﬁve
modes of model A. This result indicates that the new types of
motions emerged once the interactions of Arg
633 with other
residues were eliminated.
The motion described by the lowest-frequency mode of
model B is shown in Fig. 3 a. During this motion, the dis-
tance between the hybrid domain (Fig. 3, deep green;s e e
alsoFigs.4and8a) and EGF-3 and EGF-4 (Fig. 3, cyan;s ee
also Figs. 4 and 8 a) oscillated. Due to the springs from
Arg
633,whichconnectedthebTD (cyan;seealsoFigs.4and
8 a) with the hybrid domain near the head region (drawn
beneath the hybrid domain in Fig. 3), the motions of the
hybrid domain of model A were restrained, whereas those in
modelBwerenot.Inthisway,eliminatingtheinteractionsof
Arg
633 enhanced separation (opening motions) of the hybrid
domain from the EGF domains. This opening motion might
further induce elimination of the interactions between the
hybrid domain and the EGF domains, which is shown to be
important for the conformational change of integrin, as ex-
plained later.
Role of inside-out signaling to local
conformational change
Fig. 4 shows the local conformation around Arg
633 (cyan)i n
the x-ray crystal structure. The residue Arg
633 belongs to the
bTD, and its side chain interacts with residues in the hybrid
domain near the head region; the side chain of Arg
633 is sand-
wichedbytwoleucineresidues,Leu
375andLeu
389(orange),in
the hybrid domain (see also Fig. 8 b). Our calculation suggests
that the interactions of Arg
633 with nearby residues inﬂuences
the molecular motions. If the side chain of Arg
633 is moved
from the position in the x-ray crystal structure to a position
where it is no longer sandwiched by the two residues, the
interactions of Arg
633 with nearby residues will be eliminated.
SuchamotionofthesidechainofArg
633was observedonlyin
thethird-lowest-frequencymodeofthenetworkmodel-B,asis
shown in Fig. 3 b. This mode involved the motion of the bTD
as a whole. Some external forces should be applied to move
bTD and eliminate the interactions of Arg
633, to switch model
Ai n t om o d e lB .
The x-ray crystal structure we used for NMA lacks the
cytoplasmic domains and the transmembrane (TM) domains.
Although the 3D structure of these domains is not so clear,
there are abundant data indicating that the cytoplasmic do-
mains can regulate integrin activation (45–53). These data
show that integrin is activated if the membrane-proximal re-
gions of the a and b cytoplasmic tails are separated, and that
the interactions between these segments restrain the integrin
in an inactive state. These studies were mainly performed
on integrin aIIbb3. The conformational rearrangement in the
cytoplasmicdomainsshouldbetransmittedtotheectodomains
through the TM domains. However, little is known about the
role of the TM domains in this process. Similar to the case of
the cytoplasmic domains, modiﬁcation of the membrane-
proximalregions ofectodomain toinhibit the separationofthe
a-a n db-chains restrains the activation, whereas enhancing
the separation promotes activation (6,7,54).
TABLE 1 Comparison of the lowest-frequency normal modes
of elastic network models A and B
Model B
Frequency 0.72 0.73 1.36 1.66 2.01
1.00 0.25 0.95 0.02 0.01 0.14
1.52 0.51 0.11 0.20 0.82 0.07
Model A 1.99 0.41 0.00 0.32 0.26 0.78
2.28 0.45 0.14 0.15 0.28 0.52
2.58 0.32 0.10 0.56 0.35 0.04
Numbers .0.75 are shown in bold. The normal-mode frequencies are shown
as relative values with respect to the lowest frequency of model A.
FIGURE 3 Displacement vectors of Ca atoms of integrin in the lowest- (a)
and third-lowest- (b) frequency normal modes of model B (see text) drawn in
stereo with the backbone. Leu
375,L e u
389, and Arg
633 are shown by a space-
ﬁlling model. The images were generated with a VMD program (62).
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Separation of the membrane-proximal regions of the a and b
cytoplasmic tails, caused by binding of proteins such as talin
(55–57), will cause rearrangement of the TM domains. This
rearrangement will cause the conformational rearrangement of
thebTD,whichisclosetotheTMdomain.Iftherearrangement
is similar to that shown in Fig. 3 b, the interactions of Arg
633
with nearby residues will be eliminated, and the conforma-
tional change of ectodomain will be promoted. It is interesting
to note that the motions shown in Fig. 3 b involve separation
of the membrane-proximal regions of the a-a n db-chains of
the ectodomain, which has been shown to be important for
integrin activation (6,7,54).
In Fig. 4, most of the residues involved in the interactions
between the hybrid domain and the EGF domains are also
indicated by the space-ﬁlling model.The amino acid residues
that participate in the interactions are the same types as those
in the interactions between the bTD and the hybrid domain,
and in a similar way; a leucine (orange) and a cysteine
(yellow)areadjacenttoeachotherandincontactwiththeside
chain of an arginine (cyan), which connects the two different
domains. Compared to Arg
633, Arg
404 is relatively exposed,
and the area participating in the interactions is smaller.
Role of local interactions on the global
conformational change
We deformed the x-ray crystal structure of integrin by iter-
ative normal-mode calculations and studied the impact of
eliminating the interactions we found above on the global
conformational change from the bent to the extended forms.
To clarify the set of interactions, we named the interactions
between Arg
633 and nearby residues ‘‘interaction A’’, and
those between the hybrid domain and the EGF domains
‘‘interaction B’’. We performed four types of iterative nor-
mal-mode calculations, namely calculation with both A and
B, calculation with A and without B, calculation without A
and with B, and calculation without either A or B (Table 2).
In all calculations, the cutoff length was set to 3.4 A ˚ .
There are 25 disulﬁde bonds in the x-ray crystal structure
of integrin. These bonds should not have broken during the
iterative calculation. Thus, we kept the 25 springs between
the residues that were covalently connected by the S-S bond.
In the x-ray crystal structure, residues between Asp
434 and
Lys
532 in the b-chain were missing. During the iterative cal-
culation, the distance between the two residues could become
unrealisticallylongduetothelackoftheseresidues.Toprevent
this happening, we added a spring between the Ca atoms in
Asp
434 and Lys
532 whose spring constant was 1/10 that of the
normal spring, assuming that the distance between the two resi-
dues was easier to change than those between nearby residues.
Two springs were eliminated in the four iterative calcula-
tions to enhance the conformational change. They were the
spring between Val
332 and Ser
674 in the b-chain and that
between Ser
305 in the a-chain and Arg
563 in the b-chain.
These springs prevented the conformational changes when
they were maintained in the calculations. The prevention of
the conformational change by the former spring agrees with
an experimental result, where the bent conformation was
shown to be stabilized if the two residues (Val
332 and Ser
674)
were replaced by cysteines and a disulﬁde bond was formed
(7).Evenifthetworesiduesweremutatedsothattheydidnot
interact with each other, however, the ligand-binding afﬁnity
of integrin was not perturbed (T. Kamata, M. Handa, Y.
Ikeda, and S. Aiso, unpublished data). Thus, the interactions
did not play an active role in conformational change. Fur-
thermore, even when the spring between Val
332 and Ser
674
was eliminated from the elastic network model for the x-ray
crystal structure, new types of global motions, such as those
observedwhen thesprings ofArg
633were eliminated, did not
emerge in the lowest-frequency range. These experimental
and computational results suggest that the interactions be-
FIGURE 4 Three-dimensional structure of integrin b3-chain. Arg
633 and
Arg
404, with their nearby residues, are shown by a space-ﬁlling model.
TABLE 2 Summary of four iterative normal-mode calculations
Calculation
No.
Interaction
A
Interaction
B
Final
conformation
1    Extended
2   1 L-shaped
3 1   Bent
4 11 Bent
Interaction A refers to the interactions of Arg
633 with Cys
374, Gly
388, and
Leu
389, and interaction B to those of Arg
404 with Ser
543, Leu
548, Cys
549,
and Asp
550 plus the interactions between Glu
364 and Ser
551. The plus and
minus symbols mean that the springs representing these interactions exist or
do not exist, respectively.
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332 and Ser
674 need to be eliminated for the con-
formational change of integrin, but that the elimination does
not have the effect of enhancing the conformational change.
The spring between Ser
305 in the a-chain and Arg
563 in the
b-chain was eliminated for similar reasons. An experiment to
replace a loop region in the aIIb-chain, which corresponds to
the loop including Ser
305 in the aV-chain, with that in the
a5-chain suggested that the interactions between Ser
305 and
Arg
563 do not have an inﬂuence on the conformational
change (58). Iterative normal-mode calculations showed that
the spring needed to be eliminated for the conformational
change. However, eliminating the spring from the elastic
network model for the x-ray crystal structure had little effect
on the lowest-frequency normal modes.
Among the four iterative calculations, integrin fully ex-
tended in one case, when the springs for both interactions A
and B were eliminated (Fig. 5 a, and Table 2, calculation 1).
In calculation 2 of Table 2, the conformational change ter-
minated when the molecule took on an L-shape, as shown in
Fig. 5 b. This result demonstrated the importance of elimi-
nating interaction B for the conformational change to the
fully extended form. The results of calculations 3 and 4 (Fig.
5, c and d) were quite similar. The corresponding structures
(nth structures) during the iterative calculations were also
similar to each other (rmsd , 3A ˚ ). This result suggests that
eliminating interaction B has a small effect on the confor-
mational change if interaction A is maintained. The four it-
erative calculations clearly demonstrated that interaction A
(interactions involving Arg
633) works as a snap to keep in-
tegrin in the bent form.
Comparison with the conventional elastic
network model
Our elastic network model differs from the conventional
model in the deﬁnition of the distance between two residues.
We introduced this deﬁnition so that the network formation
would be more sensitive to the local conformation, as de-
scribed earlier. Here, to observe the effect of the difference in
deﬁnition, we carried out the same calculations as those
performed to obtain Fig. 2 using the conventional elastic
network model. Decreasing the cutoff length tends to desta-
bilize the elastic network model. To avoid this, we modiﬁed
the conventional elastic network model by introducing
springs, irrespective of the cutoff length, along the amino
acidchainbetweenCaatomsinthenthand(n12)thresidues
and between those in nth and (n 1 3)th residues, which is the
same procedure as in our elastic network model. The calcu-
lated correlation coefﬁcients are plotted against cutoff length
Rc in Fig. 6. The coefﬁcients were relatively large and
roughly constant when the cutoff length, Rc, was .7.8 A ˚ ,
indicating that the molecular motions derived from the cal-
culations were similar to those in the crystal structure. In our
elastic network model, the coefﬁcient took similar values
when the cutoff length, rc, was .3.3 A ˚ , as shown in Fig. 2.
Therewere8332springsintheconventionalmodelwithRc¼
7.8 A ˚ , and 5512 springs in our elastic network model with
rc ¼ 3.3 A ˚ . The two network models had 5342 springs in
common. Thus, the conventional model had 2990 additional
springsandourmodelhad170additionalsprings.Theformer
springscorrespondtothecaseshowninFig.1a,butthelatter
do not correspond to any cases in Fig. 1. In the interactions
represented by the latter case, amino acid residues with long
side chains, such as Tyr or Arg, were often involved. The
correlation coefﬁcient between the thermal atomic ﬂuctua-
tions from the B-factors and those from the elastic network
model, which was made from the common 5342 springs, was
low (0.28). Thus, these additional springs were necessary in
bothmodelstoreproducethemolecularmotionsinthecrystal
structure. However, there were obviously many more addi-
tional springs in the conventional model, suggesting that
there were many springs in the conventional model that were
not critically important for reproducing the molecular mo-
tions in the crystal structure.
Fig. 6 shows that the coefﬁcient decreased noticeably as
the cutoff length became shorter than 7.8 A ˚ . However, the
decrease was gradual compared to Fig. 2. In Fig. 2, the co-
efﬁcient decreased by ;0.2 when the cutoff length was
changed from 3.3 to 3.2 A ˚ , whereas in this case, the same
FIGURE 5 (a–d) Backbone structures of integrin at the end of iterative
normal-mode calculations 1–4, respectively (Table 2).
FIGURE 6 Correlation coefﬁcient of the thermal atomic ﬂuctuations de-
rived from NMA and x-ray crystal structural data (B-factor) plotted against
the cutoff length, Rc. Conventional elastic network models were used.
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waschangedfrom7.8A ˚ to6.6A ˚ .Correspondingtothelarger
change in cutoff length to achieve the same amount of de-
crease ofthecoefﬁcient,thenumberofthespringseliminated
by the change in cutoff length was larger (1495 vs. 231). This
resultfurthersupportstheideathatthereweremorespringsin
theconventionalelasticnetworkmodelthaninourmodelthat
did not critically inﬂuence the molecular motions.
The results presented here suggest that the short-distance
interactions between two residues in our elastic network
model have a potentially greater inﬂuence on the molecular
motions than those in the conventional elastic network
model, and thus that our deﬁnition of the distance between
two residues is more effective than that in the conventional
elastic network model inextracting or sortingsuch inﬂuential
interactions, which is the major aim of this study.
Identifying key interactions for conformational
change by NMA
Tama et al. (59) performed NMAs of the (conventional)
elastic network models of proteins whose open and closed
forms were solved by x-ray crystallography. They compared
the atomic displacements in the conformational change from
open to closed and closed to open forms with those in the
normal modes. They found that the elastic network model for
the open form generally had a normal mode in which the
atomic displacements were close to those in the conforma-
tional change, whereas that for the closed form did not. In the
caseofintegrin,therearetwoforms,thatis,thebentformand
the extended form. The former corresponds to the closed
form, and the latter to the open form. The x-ray crystal struc-
turewassolvedonlyforthebentform.Thus,ifweconsiderthe
studybyTamaetal.(59),whatwedidcorrespondstothestudy
to ﬁnd the normal modes of the closed form of a protein that
directedthemoleculetowardtheopenform.Wefoundthatthe
normal modes involved in the conformational change were
newly generated by reducing the cutoff length until the cor-
relation coefﬁcients dropped drastically. Thus, our approach
may be regarded as a possible solution for ﬁnding the normal
modes of the closed form of a protein that direct the molecular
structure toward the open form.
Instead of reducing the cutoff length, we can ‘‘manually’’
eliminate the interactions between domains of the elastic net-
work model so that the extension of the molecule becomes
easier. Assuming the cutoff length rc ¼ 5A ˚ ,w ep e r f o r m e d
NMA of the elastic network model. When all springs between
thehybriddomainandtheEGF/bTDdomainswereeliminated
from this model, the correlation coefﬁcient dropped from 0.54
(Fig.2,opencircles) to0.34,andthe lowest-frequencynormal
mode was similar to that shown in Fig. 3 a (with similarity of
0.75). This suggests that the ‘‘manual’’ elimination of inter-
actions has an effect similar to the reduction of the cutoff
length. However, without prior knowledge, it is difﬁcult to
decide which interactions should be eliminated.
Mutation experiments
Our calculations suggested that the interactions between
Arg
633 and the nonbonded nearby residues had to be elimi-
nated for the structural rearrangement of integrin from the
bent to the extended form to occur. Our calculations also
suggested that the extension of integrin would be enhanced
once the interactions were eliminated. To examine our pre-
dictions, speciﬁc interactions involving Arg
633 were dis-
rupted by mutating amino acid residues involved in the
interactions.
Mutant aIIbb3 was transiently expressed on the mamma-
lian CHO cell surface and FITC-labeled ﬁbrinogen-binding
to these cells was examined. As shown in Fig. 7 a, wild-type
aIIbb3 expressed on the CHO cell surface was in a low-af-
FIGURE 7 Average amount of FITC-labeled Fbg bound to CHO cells
expressing wild-type or mutated aIIbb3 obtained from six separate exper-
iments. The amount of Fbg in the presence of control antibody (hatched
bars) and PT25-2 (shaded bars) is shown separately in arbitrary units with
error bars. (a) Results for mutations at the residues involved in the Arg
633-
mediatedinteractions are compared with thosefor the wild-type. Amino acid
residues Leu
375, Leu
389, and Arg
633 in the b3-chain were either mutated to
Ala (L375A, L389A, andR633A) or deleted (R633del). The amount of Fbg in
the presenceof the controlantibodyandPT25-2is shownin the left andright
axes, respectively. Mutants that showed a statistically signiﬁcant increase in
binding from the wild-type are indicated by asterisks: *p , 0.05; **p ,
0.01. (b) Results for single mutation of Arg
404 in the b3-chain (R404A) and
double mutations of Arg
404 in combination with either Arg
633 (R404A/
R633A, R404A/R633del) or Ser
674 (R404A/S674A) are shown and compared
with those for the wild-type. Mutants that showed signiﬁcant increase in
binding from the wild-type are indicated by asterisks: **p , 0.01.
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activated by mAb PT25-2, which brought up the binding by
;33-fold.IthaspreviouslybeenshownthatthemAbPT25-2
binds to the b-propeller domain of aIIb-chain of integrin in
platelets and induces the binding of integrin to ﬁbrinogen
(43,60). In contrast to the independent mutation of Leu
375 or
Leu
389 to Ala, where the binding to ﬁbrinogen was not af-
fected so much, mutation of Arg
633 to Ala, or its complete
deletion, signiﬁcantly increased the binding (p , 0.01). Acti-
vationwithPT25-2gavesimilarresults,exceptthattheL389A
mutation showed a signiﬁcant increase in binding (p , 0.05).
These results indicate that the interactions involving the side
chain of Arg
633 are indeed important for constraining aIIbb3
in a low-afﬁnity state, as we predicted.
The mutations L375A and L389A did not activate aIIbb3
(actually L375A with PT25-2 deactivated it, with p , 0.01).
Becausethedegreeofexpressionofintegrinonthecellsurface
was not affected by these mutations, it is not probable that the
mutations caused global conformational change. To ﬁnd the
reason for the low activation, we checked the thermal ﬂuctu-
ations of side-chain atoms in the arginine residues derived
from the B-factor of the x-ray crystal structure. There are 62
arginines in the x-ray crystal structure. In most of the residues,
the thermal ﬂuctuations of the side-chain atoms farther away
from the Ca atom are larger ðCb , Cg , Cd ,...Þ; sug-
gesting the inherent ﬂexibility of the side chain. Due to this
ﬂexibility,theside-chainatomsofArg
633mightbeabletoﬁnd
new interaction sites in the mutated residue or in the nearby
residues when Leu
375 or Leu
389 were mutated. In the case of
L375A, the newly generated interactions might turn out to be
stronger than the original and, as a result, aIIbb3 might be
further deactivated.
Our experimental results showed that complete elimina-
tion of the interactions involving Arg
633 by deletion was not
sufﬁcient to fully activate aIIbb3. According to our calcula-
tion, the elimination of Arg
633-mediated interactions alone
would allow only halfway extension of integrin (Fig. 5 b); in
other words, Arg
633 is the key residue to initiate the exten-
sion, but not the key residue to complete the extension. Thus,
the results from the mutational studies are consistent with our
calculations. The calculation further showed that complete
extension would be achieved if the interactions between the
hybrid domain and EGF domains involving Arg
404 were also
eliminated (Fig. 5 a). To verify this calculation result, we
introduced mutations on both Arg
404 and Arg
633 at the same
time. Arg
404 was mutated to Ala and Arg
633 was either mu-
tatedtoAlaordeleted.Asareference,weperformedadouble
mutation on Arg
404 and Ser
674, both of which were mutated
to Ala, as well as a single mutation of Arg
404 to Ala. The
mutation of Ser
674 is already known to have little effect on
the activation, as discussed above. The results of the double
mutations are almost exactly as we expected based on our
calculations, as shown in Fig. 7 b. Compared to the single
mutation R404A, the double mutations R404A/R633X
(where X is A or del) clearly had larger effects (p , 0.01),
which is in contrast to the effect of R404A/S674A, where the
activity of integrin was not signiﬁcantly different from the
single mutations. The comparison between R404A/R633X
and R404A/S674A demonstrates the importance of Arg
633
again. These experimental and computational results suggest
that the interactions at multiple interfaces have to be dis-
rupted to achieve full activation as well as full extension.
It was demonstrated that aVb3 and aIIbb3 integrins are
different in their signaling mechanisms (40). This difference
may be partially explained by the different interactions be-
tween the cytoplasmic a and b tails, in addition to the dif-
ference between the molecules that may associate with the
speciﬁc a cytoplasmic tails. Another report showed that ex-
tracellular calf-2/(EGF-4 and bTD) interface interactions
affect manganese-induced activation differently in two b3
integrins (61). These reports suggest that the a/b interface
interactions have a signiﬁcant impact on integrin activation
and are responsible for the differential regulation in two b3
integrins. Thus, the Arg
633 mutations may not necessarily
have the same effect on the aVb3-ligand interaction as on the
FIGURE 8 Conservation patterns of amino acid residues among different
integrin b-chains at positions corresponding to positions 375, 389, and 633
of H. sapiens integrin b-chain. (a) A diagram of integrin b-chain to show
domain organization andthe locationofresidues 375, 389,and 633. Blackbars
below the diagram indicate regions observed with x-ray crystal structure. (b)
Stereo ﬁgure of local structure around the three residues, showing that Arg
633
is sandwiched by Leu
375 and Leu
389.( c) Conservation pattern of residues in
the three positions of mammalian integrin b-chain extracted from the multiple
sequence alignment in Fig. 9. A slash in the column indicates that the position
isoccupied by one of the two orthree amino acidresidues, and x indicates that
the position is not conserved in the group.
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Biophysical Journal 95(6) 2895–2908FIGURE 9 Multiple-sequence alignment of integrin b-chains. Regions around the residues concerned are shown. The key residues found in the b3-chain by
NMA on H. sapiens integrin aVb3 and residues at homologous sites are boxed in red. Well conserved residues and cysteine residues in all the chains are
highlighted.Identiﬁcations of each sequence in Genbank/UniProt/PDB are described on the left and the name of the species that the sequence is derivedfrom is
described on the right. The order of amino acid sequences is based on the sequence identity, and a horizontal bar separates groups in b-chains. The alignment
around position 633 of b4- and nonmammal chains was manually adjusted after automatic multiple-sequence alignment.
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ever, the primary interdomain interactions that directly con-
strain aVb3 integrin to the bent form in the crystal structure
will be those of the hybrid domain with EGF and bTD do-
mains, in which the interactions of Arg
633 are included, and
notthoseatthea/binterface. Thus,itisreasonabletoassume
that disrupting the Arg
633-mediated interactions has similar
effects on the activation of aVb3 as well.
Conservation patterns of residues in key
interactions in the integrin b-chain
NMAs and mutation experiments on integrin suggested that
the interactions of Arg
633 in the b3-chain with nearby non-
bonded residues work as a snap to keep integrin in the bent
form. Among the nearby residues, two leucine residues in-
teract with Arg
633 in an interesting manner, that is, they
sandwich the side chain of Arg
633 (Fig. 8 b). We checked the
conservationpatternoftheseresiduesinhomologousintegrin
b-chain sequences.
From the amino acid sequence databases, 113 sequences
homologous to the H. sapiens integrin b3-chain were re-
trieved and were clustered into 10 groups by a phylogenetic
tree built on a multiple-sequence alignment (Fig. 9). Mam-
malian integrin b-chains are known to be classiﬁed into eight
groups based on sequence similarity, ligand speciﬁcity, and
expressed cells (1). Our results included two clusters of
nonmammalian integrin b-chains, and eight other groups
were consistent with the previous study. The set of key res-
idues was conserved as Leu/Leu/Arg only in the integrin
b3-chain, and in other b-chains, the evolutionarily corre-
sponding positions were either conserved with different
amino acid residues or not conserved (Fig. 8 c).
Arginine has one of the longest aliphatic side chains in 20
amino acids, and hence, possible interactions between Leu
and Arg are hydrophobic ones using aliphatic side chains
(Fig. 8 b). The conservation patterns of other b-chains are
dissimilar to those of the b3-chain, which suggests that other
b-chains may have different molecular mechanisms for the
conformationaltransitionordonotundergoaconformational
change at all. b1- and b2-chains are known to undergo a
similar type of bent-to-extended conformational transition,
and we surmise that the molecular detail of the mechanism is
different from that in b3-chain.
CONCLUSION
The conformational change of integrin from the bent to the
extended forms was studied by NMA of the elastic network
model. The calculations revealed the key residues for the
conformational change, and their importance was conﬁrmed
by the experiment. Multiple sequence alignment showed that
the characteristic pattern of residues (Leu/Leu/Arg) was
conserved only in the integrin b3-chain, suggesting that the
mechanism oftheconformational changefrom thebenttothe
extended forms studied here is unique to the chain.
A pathway for the conformational change was speculated
from the calculations, which is summarized as follows. The
ﬁrst step is the motion of the bTD as a whole (shown in Fig.
3 b), which is perhaps brought up by a signal from inside the
cell (inside-out signaling). This motion involves the dis-
placement of Arg
633 in the b3-chain, whose side chain is
sandwiched by two leucine residues in the x-ray crystal struc-
ture. By this motion, the interactions of Arg
633 with nearby
nonbonded residues will be eliminated. Once the interactions
of Arg
633 are eliminated, the molecular motions change quite
drastically. Speciﬁcally, the motions of the hybrid domain in
the b3-chain become dominant (Fig. 3 a). The motions will
enhance the separation of the hybrid domain from the EGF
domains and will contribute to the elimination of the interac-
tionsbetweenthesedomains.Iftheinteractionsareeliminated,
further drastic conformational change becomes easier, and the
molecule will extend (Fig. 5 a).
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